To characterize retinal morphology and visual system function in the zebrafish mutant fade out (fad) and to establish the mutant as a lower vertebrate model for Hermansky-Pudlak syndrome (HPS). METHODS. Retinal morphology of fad larvae was examined between 3 and 9 days postfertilization (dpf) by standard histology, transmission electron microscopy, and immunohistochemistry examination. Apoptotic cells were visualized by TdT-mediated dUTP nick-end labeling (TUNEL) staining. Visual system function was probed by electroretinography and behavioral assessment by optokinetic response measurements. Blood clotting was evaluated by time to occlusion testing of blood vessels as an arterial thrombosis assay. The chromosomal location of fad was determined by simple sequence-length polymorphism mapping. Genomic fragments of candidate genes were cloned by standard molecular techniques and mapped to the zebrafish genome by radiation hybrid mapping. RESULTS. Mutant fad larvae are hypopigmented and show structural defects in the outer retina. Melanosomes of these larvae in the retinal pigment epithelium are hypopigmented, generally smaller, and progressively reduced in number compared to nonmutant larvae. Progressive microvilli protrusions into the photoreceptor cell layer are not detectable, and photoreceptor outer segments get shorter and are misaligned. Photoreceptors subsequently undergo apoptosis, with a peak of cell death at 6 dpf. Electrical responses of the retina and visual performance are severely reduced. Blood clotting is prolonged in mutant fad larvae. Genomic mapping of fad reveals distinct genomic positions of the mutant gene from known human HPS genes. CONCLUSIONS. The fad mutant shows syndromic defects in pigmentation, outer retinal structure and function, and blood clotting. This syndrome is characteristic of Hermansky-Pudlak syndrome (HPS), making fad a novel genetic model of HPS. The gene does not cosegregate with the known human HPS genes, suggesting a novel molecular cause of HPS. (Invest Ophthalmol Vis Sci. 2006;47:4523-4531)
H ermansky-Pudlak syndrome (HPS) is a group of autosomal recessive disorders characterized by oculocutaneous albinism and platelet storage pool deficiency. [1] [2] [3] Oculocutaneous albinism in these disorders is characterized by various degrees of hypopigmentation of the skin, retinal pigment epithelium (RPE) of the eye, congenital nystagmus, and reduced visual acuity. 4 -6 Additionally, the lack of dense granules in platelets is associated with impaired platelet function as indicated by decreased aggregation response, which causes platelet storage pool deficiency. 7, 8 HPS is manifested by defects in synthesis, processing, or trafficking of lysosome-related organelles (LROs), most notably melanosomes and platelet-dense granules.
2,3,9 -11 These organelles share a variety of features with lysosomes, such as acidic interiors, high intragranular Ca 2ϩ concentrations, and resident lysosomal hydrolases. 12 Human platelets contain three to eight dense granules per platelet 13, 14 that play a central role in homeostasis and thrombosis. Dense granules have a highly condensed core that contains serotonin, Ca 2ϩ , adenosine triphosphate (ATP), adenosine diphosphate (ADP), and pyrophosphate. Serotonin of dense granules causes vasocontraction and is involved in the formation of the hemostatic plug. 15 Intracellular melanosomes are the sites of synthesis and storage of melanin pigment in pigment cells of the body (melanocytes in mammals, melanophores in fish and amphibians) and the RPE, where they line the back of the eye.
RPE cells are essential for the function and survival of photoreceptors. They function in the transport of nutrients and circadian phagocytosis of the shed photoreceptor outer segments. 16 Furthermore, the outer segments are stabilized by microvilli, and the outgrowth of the photoreceptor outer segments is guided by the finger-like structure of the microvilli. 17 In zebrafish the absence of microvilli leads to misaligned, collapsed, and shorter photoreceptor outer segments. 18 Additionally, evidence indicates trophic support of photoreceptors, and RPE cells directly support vision by taking part in the recycling of visual pigment. 19, 20 To date, 7 genes in humans and 14 genes in mice that cause HPS have been identified (for reviews, see Huizing et al. 10 and Li et al. 21 ). Although the functions of many of these genes remain unknown, several have been shown to be involved in various aspects of trafficking proteins to nascent organelles, particularly lysosomal and late lysosomal organelles.
In a large-scale chemical mutagenesis screen in zebrafish, an extensive collection of mutants with defects in body and eye pigmentation were identified. 22, 23 A subsequent behavioral screen for defects in vision identified a number of hypopigmented mutants with deficits in visual performance. 24 One of these mutants was the recessive mutant fade out (fad). In fad, early melanophores initially appear to form normally, but, beginning at 4 days postfertilization (dpf), they appear to be hypopigmented. These hypopigmented larvae exhibit little or no response to visual stimuli at 5 dpf. 24 In this study, we characterized the visual system defect of homozygote fad larvae by using behavioral, electrophysiologic, and histologic criteria. We found a progressive decrease in visual system performance paralleled by morphologic defects of the outer retina. Melanosomes in the RPE became progressively abnormal in shape and pigmentation, and microvilli were absent, likely causing misaligned and shorter photoreceptor outer segments. Photoreceptors subsequently died by apoptosis, ultimately leading to complete blindness of the larvae.
The defect in fad is not limited to pigmentation and the visual system because homozygous larvae exhibit a prolonged occlusion time of blood vessels in an arterial thrombosis assay, thereby showing all the characteristics of Hermansky-Pudlak syndrome.
We located the mutant locus to zebrafish linkage group 2, whereas all seven orthologs of human HPS genes mapped to different linkage groups. Our data established the zebrafish mutant fad as a lower vertebrate model for Hermansky-Pudlak syndrome, possibly caused by a novel gene defect.
METHODS
All experiments were conducted in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Fish Maintenance and Breeding
Fish were raised and crossed as previously described. 25 Outcrossed sibling pairs were set up to identify heterozygous carriers. Clutches of these identification crosses were used for phenotypic analysis. Embryos were raised at 28°C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 , and 0.33 mM MgSO 4 ) and were staged according to development in days post fertilization (dpf). 26 All data in this study were obtained using the fade out tm63c allele.
Optokinetic Response Measurements
Psychophysical measurements of visual performance were taken as described. 27 Briefly, to measure eye velocity, single larvae were placed dorsal side up in the center of a Petri dish (35-mm diameter) containing 3% prewarmed (28°C) methylcellulose. Moving sine-wave gratings were projected (4200 DLP; ASK Proxima, Wilsonville, OR) onto a screen within the visual field of the larva, at an apparent distance 4.65 cm from the larva's right eye. Projection size on the screen was 8 ϫ 6 cm, subtending a visual angle of 65.6°horizontally and 53.1°vertically. Eye movements triggered by the visual stimulation were recorded by means of an infrared-sensitive CCD camera. Custom-developed software (LabView IMAQ, version 5.1; National Instruments, Austin, TX) was used to control stimulation and camera and to analyze the resultant images.
Contrast sensitivity functions for wild-type and mutant larvae were measured by the gain (eye velocity/grating velocity) as function of the spatial frequency of the moving grating with alternate movement direction (0.33 Hz). Averaged eye velocity for each spatial frequency was calculated by integration of eye velocity traces.
Electroretinographic Recordings
Electroretinograms (ERGs) were performed on larvae at 5 dpf, as previously described. 28 Briefly, all specimens were dark adapted for 30 minutes before they were positioned in the recording chamber. Each larva was placed on its side on the surface of a moist sponge with E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl 2 and 0.33 mM MgSO 4 ) and was paralyzed by a droplet of muscle relaxant (0.8 mg/mL in larval medium; Esmeron; Organon Teknika, Eppelheim, Germany). The Ag/AgCl electrode system was used to record the ERG response. The recording electrode was positioned in the center of the cornea. The reference Ag/AgCl pellet was placed under the body of the larva. A 5-minute period was chosen to adapt the larva to dark before measurement. The duration of light stimulus was 100 msec, and the interstimulus interval was 5 seconds. Light stimulus was fixed at five relatively different light intensities of 2 lux (OD 4) to 20 klux (OD 0). A virtual instrument (VI) was developed (LabView 5.1; National Instruments) for use in all experiments. Sampling was performed in buffered acquisition mode at a sampling rate of 250 Hz.
Histology
Paraformaldehyde-fixed larvae (4% paraformaldehyde in 0.2 M phosphate buffer, pH 7.4, for 1 hour at room temperature) were dehydrated in a graded series of ethanol-water mixtures, then incubated in 1:1 and 1:3 ethanol and basic solution (Technovit 7100; Heraeus Kulzer, Hanau, Germany) for 1 hour each. After overnight infiltration in basic solution, larvae were positioned in polymerization medium (Technovit 7100; Heraeus Kulzer) overnight at room temperature.
Microtome sections (3 m) were prepared and mounted on slides (SuperFrost Plus; Menzel-Gläser, Braunschweig, Germany), air dried at 60°C, stained with toluidine blue solution (0.1% in distilled water), overlaid with rapid mounting medium (Entellan; Merck, Darmstadt, Germany), and coverslipped. Some larvae used for histology were raised in 0.2 mM phenylthiourea (Sigma, St. Louis, MO) to inhibit pigment formation.
Electron Microscopy
Embryos were fixed in 2% (wt/vol) paraformalddehyde/2% glutaraldehyde in 0.2 M phosphate buffer (PB; pH 7.2) overnight and were postfixed in 1% osmium tetroxide for 1 hour. After a rinse in 0.1 M PB, specimens were dehydrated in a graded series of ethanol-water mixtures up to 70% ethanol and then contrasted in 2% uranyl and 70% ethanol acetate overnight. On the following day, ethanol dehydration was continued to 100%. After preinfiltration in 1:1 100% ethanol/ embedding resin (Fluka, Buchs, Switzerland), larvae were infiltrated in pure embedding resin overnight. Larvae were then positioned in Beem caps with fresh resin and polymerized at 60°C for approximately 16 hours. Ultrathin transverse sections 60-nm thick were prepared and stained with lead citrate. Sections were examined and photographed with a transmission electron microscope (model EM; Carl Zeiss, Oberkochen, Germany).
Immunohistochemistry
Fixed larvae were cryoprotected in 30% sucrose for at least 2 hours. Whole larvae were embedded in tissue-freezing medium (Cryomatrix; Jung-Leica; Thermo Electron Corp., Waltham, MA) and rapidly frozen in liquid N 2 ; 25-m thick sections were cut at -20°C, mounted on slides (SuperFrost Plus; Menzel-Gläser), and air dried at 37°C for at least 2 hours. The slides were stored at -20°C until further use. For immunohistochemistry, slides were thawed, washed three times in phosphate-buffered saline (PBS; 50 mM), pH 7.4, and treated with 20% normal goat serum (NGS) and 2% bovine serum albumin (BSA) in PBS/0.3% Triton X-100 (PBST) for 1 hour. Sections were then incubated overnight in primary antibody in PBST at 4°C. Mouse antiglutamine synthetase (1:700; Chemicon International, Temecula, CA), zpr1 (1:100; University of Oregon Stockcenter), zn8 (1:500; University of Oregon Stockcenter), and 25 kDa rabbit antisynaptosomal-associated protein (1:300, SNAP-25; StressGen, San Diego, CA) were used as primary antibody. After three washes in PBST, sections were incubated in anti-mouse Alexa433-coupled antibody (1:500; Jackson Laboratory, Bar Harbor, ME) for 1 hour, washed three times in PBST, mounted in glycerol, and analyzed under a fluorescence microscope (Axioscope; Carl Zeiss).
Cell Death Detection
The TUNEL (terminal deoxynucleotidyl transferase [TdT]-mediated deoxyuridinetriphosphate [dUTP] nick end-labeling) method 29 was used to identify cells undergoing apoptosis, as previously described. 30 Cryosections were cut 40-m thick and mounted on slides (SuperFrost Plus; Menzel-Gläser). Quantification was performed by counting apoptotic cells in one section per eye with the maximal number of apoptotic cells. Significance levels were calculated using a two-tailed paired t test.
Arterial Thrombosis Assay
Homozygote fad mutant larvae were selected 5 to 6 dpf by their lighter appearance and by observations of the RPE to identify functional defects of thrombocytes with the arterial thrombosis assay. As controls, larvae with normal pigmentation from the same clutch were used. Arterial thrombosis was induced as described previously by injuring a region of dorsal aorta at the fifth somite, located caudal to the anal pore. 31 Time to occlusion (TTO) of the vessel was measured by counting from the time of injury to complete vascular occlusion. The prolongation of TTO compared with controls indicated a defect in thrombocyte function.
Genomic Mapping
The fade out (fad) mutant was identified in a genetic background of the Tübingen strain further outcrossed to the WIK strain for the mapping procedure. DNA of the F2 homozygous mutants and siblings were analyzed by PCR in pooled-segregate analysis, as described earlier. 32 The mutation was assigned to linkage group 2 with a panel of 192 simple sequence-length polymorphism (SSLP) markers distributed over the entire genome. The linkage group assignation and the precise map position were confirmed by segregation analysis on single embryos. The more precise map position was obtained with the use of additional polymorphic single-length polymorphisms.
Identification of Candidate Genes and Radiation Hybrid Mapping
Candidate orthologs of human Hermansky-Pudlak syndrome genes were identified by tblastn 33 against EST libraries and the annotated zebrafish genomic sequence (http://www.ensembl.org). Orthology of predicted ortholog transcripts was confirmed by comparison of exon/ intron structure between the human genes and the predicted transcripts. Transcript numbers on the zv5 release (http://www.sanger-.ac.uk/Projects/D_rerio) were: HPS1, ENSDARP00000057047; HPS2, ENSDARG00000013040; HPS3, ENSDARG00000015749; HPS4, ENS-DARG00000015749; HPS5 (5Ј), GENSCAN00000016286; HPS5 (3Ј), ENSDARG00000027920; HPS6, ENSDARG00000013581; HPS7, ENS-DARG00000005024.
Zebrafish orthologs of all seven HPS genes were mapped on the Goodfellow T51 radiation hybrid (RH) panel. 34 The following primers were designed for the seven Hps zebrafish ortholog genes:
PCR was run on the RH panel, and for all markers it was independently performed in duplicate.
RESULTS
The zebrafish mutant fad is characterized by reduced pigmentation of the body melanophores and the RPE. It was initially identified in a large-scale mutagenesis screen and was classified as a melanophore degradation mutant. 22 Pigmentation of the melanophores and RPE is initially normal but becomes hypopigmented and fragmented during subsequent development. At 6 dpf, the homozygote fad mutant larvae (Fig. 1A) can readily be distinguished from their wild-type siblings because of their lighter appearance (Fig. 1C) . In the mutant, the melanosomes located in the RPE and the melanophores become pale and patchy. Figures 1B and 1D depict the shapes of melanophores in the head region at higher magnification in the wild-type and fad larvae. These changes became more severe with ongoing development, leading to nearly unpigmented larvae at 9 dpf. Mutant larvae died approximately 10 dpf.
Visual Performance of fade out
The defect in visual abilities in the fad larvae was previously investigated. 24 To quantify the visual loss, we measured the eye velocity at different spatial frequencies.
Plotting the optokinetic gain as a function of the stimulus spatial frequency yields the contrast sensitivity function (CSF), a commonly used psychophysical function to examine the state of the visual system. The CSF is influenced not only by the geometry and the optical quality of the eye but also by receptor spacing and spatial and temporal visual integration. It is, therefore, a comprehensive measure of visual performance. CSF was measured in larvae at 5 dpf and 8 dpf (n ϭ 9). Spatial frequency of the grating stimulus varied between 0.025 and 0.16 c/deg. All measurements were performed under a moderate mean luminance of 42 cd/m 2 , a pattern contrast of 85%, and a grating velocity of 7.5 deg/s. 
IOVS,
Consistent with the progressive pigmentation loss, visual performance was strongly reduced at later developmental stages. At 5 dpf, the visual performance of fad mutants was only slightly reduced compared with their wild-type siblings (Fig. 2) . At 8 dpf, optokinetic gain and visual acuity were severely reduced in fad mutants. Optokinetic gain was reduced 62%. At the maximum measured spatial frequency visible for wild-type larvae (0.16 c/deg), visual response was no longer detectable in fad homozygous larvae. Because the behavioral data indicated a loss of visual performance, we set out to test outer retinal function directly by recording ERGs at 5 dpf. We recorded 5 dpf fad homozygous and heterozygous larvae because at this stage the ERG can be reliably measured in zebrafish larvae. 28, 35, 36 The fad (n ϭ 5) larvae were compared with their siblings (n ϭ 6). ERG responses of fad larvae (Fig.  3A) were weaker, and no clear a-wave was recordable, in contrast to typical ERG recordings in siblings (Fig. 3B) . We compared b-wave amplitudes between mutant and sibling larvae at the two highest light intensities, where the mutants displayed visible b-waves, and the differences were striking (200 Ϯ 46.1 vs. 30 Ϯ 32 at OD1 and 167 Ϯ 38.2 vs. 20 Ϯ 13.2 at OD2) and highly significant (Fig. 3) .
Histologic Analysis of the fad Retina
Hypopigmentation in combination with our data on behavioral and electrophysiologic impairment suggested a morphologic defect of the fad retina. With the use of standard histology, we analyzed the retinas of homozygous and unaffected wild-type siblings between 3 and 9 dpf.
At 3 dpf, formation of the photoreceptor cell (PRC) outer segments was initiated. 37 At the same stage, the retina of the homozygous fad larvae could not be differentiated from that of their heterozygous siblings (Fig. 4A, 4B) .
At 5 dpf, all major cell types could be identified in the retina, and the separation of the retinal layers was completed. The RPE was filled with melanin-containing melanosomes, and outer segments of photoreceptors were clearly visible in the wild-type larvae (Fig. 4C) . In the fad larvae, the retina was equally well layered, but the RPE was hypopigmented and melanin clots were apparent (Fig. 4D) .
As development proceeded, the RPE phenotype became progressively more severe. The density of melanosomes in the RPE of mutant larvae (Fig. 4F) was decreased in comparison with their wild-type siblings (Fig. 4E) . At 9 dpf, the RPE of the fad retina contained only a few melanin granules in the periphery, whereas the central part of the RPE was completely devoid of pigmented cells (Fig. 4H) .
The outer segments of the PRCs also became severely affected, presumably as a consequence of the changes in the RPE. At 5 dpf, the PRC outer segments appeared shorter than in wild-type (Fig. 4D, arrowhead) . At 7 dpf, the outer segments were absent in some parts of the retina (Fig. 4F) . The defect was more severe in central regions than in the periphery, suggesting an age-dependent progression.
To identify whether PRCs were affected, we labeled these cells with zpr1, an antibody that labels red/green double cones, the most prevalent photoreceptor subtype in early larval retina. 38 At 5 dpf, the distribution of double cones was uniform throughout the retina (Fig. 5D) . However, at 9 dpf, photoreceptor immunoreactivity was patchy and decreased, consistent with PRC death (Fig. 5H) .
To label inner retinal cells on further investigation, we used various antibodies such as glutamine synthethase (a Müller glia-specific marker), presynaptic SNAP-25 protein (synaptosomal-associated protein 25 kDa), and zn8 (recognizing the neurolin protein in the ganglion cell layer). In the mutant retina at 7 and 9 dpf, Müller glia cell morphology with elongated cell bodies and processes spanning the entire inner retina 39 was preserved in the mutant. We could not observe any defects when we used antibodies for staining of the ganglion cell epitope zn8 and presynaptic SNAP-25 protein (data not shown).
FIGURE 2.
Behavioral contrast-sensitivity function of mutant (triangles, n ϭ 9) and wild-type (squares, n ϭ 9) fad larvae at 5 dpf and 8 dpf. Optokinetic gain was measured as a function of grating spatial frequency. Offset indicates the base levels of the gain. At 5 dpf, the gain was slightly reduced in homozygous larvae compared with their heterozygous siblings. At 8 dpf, mutant fad showed a markedly reduced optokinetic response and a lower high-frequency cutoff. Error bars indicate SEM. To test whether cell death levels were elevated, we used the in situ TUNEL method for DNA fragmentation as an assay for apoptosis. 29 Consistent with previously published results, we observed few apoptotic cells in the wild-type retina 30 (Fig. 6 ). In the mutant retina, more apoptotic cells were observed in the outer nuclear layer at 5 dpf (Fig. 6B) . The increase of apoptotic cells in the outer retina was highly significant at 6 dpf (homozygous fad larvae: 5.5 Ϯ 4.6; wild-type: 0.45 Ϯ 0.47; P Ͻ 0.0001; n ϭ 10; Fig. 6D ). No significant increase was observed in the inner retina. At earlier stages, the amount of apoptotic cells in the fad mutant was not significantly different from that of the wild-type retina. At later developmental stages (between 7 and 9 dpf), few cells died through an apoptotic cell death FIGURE 5. Double-cone-specific labeling of wild-type and fad retinas at 5 and 9 dpf. Transverse sectioning through the retinas of wild-type and fad. Bright-field images of the wild-type retina at 5 dpf (A) and at 9 dpf (E). fad mutant at 5 dpf (B) 9 dpf (F). Wild-type (C, G) and fad (D, H) mutant retinas stained with zpr1 antibody at 5 dpf and 9 dpf, respectively. In the fad mutant photoreceptor, immunoreactivity is at 5 dpf (D) and is present but progressively decreased at 9 dpf (H). Scale bar: 50 m. A, C, E, G) and fad (B, D, F, H) larvae. At 3 dpf, wild-type (A) and fad (B) displayed laminated retinas, and the homozygous fad could not be differentiated from the heterozygous sibling. At 5 dpf, the retina of the wild-type was densely pigmented, and the PRC outer segments were clearly visible (C). In fad retinas, the RPE appeared hypopigmented (D, inset), and the PRC outer segments were shorter (arrowheads in D). At 7 dpf (F), the RPE was progressively more affected. In contrast to wild-type cells, RPE cells appeared to be hypopigmented, and PRC outer segments were severely shortened or absent (F, inset). At 9 dpf, the wild-type RPE had marked pigmentation, and the photoreceptor outer segments were strongly elongated (G), whereas mutant RPE cells lost their pigmentation and only few pigmented cells were detectable at the periphery. Additionally, outer segments were absent or barely visible (H). Scale bar: 50 m.
pathway because few cells were left in the outer nuclear layer. In the fad mutant, apoptotic cell death was mainly concentrated in the outer retinal layer.
Ultrastructural Analysis of the fad Retina
Histologic analysis revealed defects in the RPE and the outer segments of PRCs. To examine ultrastructure defects of RPE and PRC outer segments, we performed thin-section transmission electron microscopy (TEM) at different developmental stages between 3 and 9 dpf. At 3 dpf, melanosomes exhibited normal morphology and were round, and the retina of fad mutant could not be differentiated from that of its wild-type sibling (Fig. 7A, 7B ). The RPE of 5-day-old fad mutant larva contained fewer and smaller melanosomes (Fig. 7D) .
The characteristic microvilli of RPE cells that interdigitate with the outer segments of the photoreceptors are rarely detected in 5 dpf and older fad larvae (Fig 7C, arrow) . Because these microvilli are instrumental for the function, maintenance, and structural stabilization of rod and cone outer segments of PRCs, 17 their absence suggested a ready explanation for the misaligned and shorter PRC outer segments at older larval stages. Starting at 5 dpf, PRC outer segments became shorter and were partially misaligned (Fig. 7D) . At 7 dpf, PRC outer segments were no longer aligned and were reduced or absent, whereas the inner segments appeared to be unaffected (Fig. 7F) . Cells of the inner retina also appeared to be unaffected. Nevertheless, we clearly observed black pigment in RPE and skin melanophores, suggesting that fad does not affect melanin synthesis but, rather, its deposition.
The phagocytic activity of the RPE was unaffected; we frequently found vesicles with enclosed PRC outer segment FIGURE 7. Electron micrographs of transverse sections of wild-type (WT) and fad outer retina. Sections were taken from (A, B) 3 dpf, (C, D) 5 dpf, (E, F) 7 dpf, and (G, H) 9 dpf. At 3 dpf, the retina of fad (B) could not be differentiated from that of heterozygous siblings (A). At 5 dpf, the outer segments of photoreceptors were shorter and partially misaligned in the mutant (D). Phagocytosis of the shed disks seemed not to be compromised (F, inset). Microvilli that stabilize the outer segments of the wild-type (E, arrow) are rarely found in the fad mutants (F). Two days later, at 9 dpf, the RPE disintegrated and the photoreceptor outer segments were strongly reduced or absent (H). OS, outer segments of PRCs. Scale bar: 2 m. fragments in the RPE (Fig. 7F, inset) . The defect in the outer retina was progressive. By 9 dpf, few PRC outer segments were left, and the RPE disintegrated.
Prolongation of Blood Vessel Occlusion
Because HPS was associated with defects in platelet function, we measured TTO of the dorsal aorta in fad mutant larvae after laser injury as a measure of platelet defect because thrombocytes are equivalents of mammalian platelets, and their intact function is essential for complete arterial occlusion in a predetermined amount of time. During laser-induced injury, thrombocytes become activated and adhere to the subendothelial surface. Subsequently, other thrombocytes aggregate at the injured site, culminating in vascular occlusion. 40 Any defect in thrombocyte function would lead to reduced thrombocyte aggregation; thus, vessel occlusion takes longer. Therefore, prolongation of TTO is an indication of thrombocyte function. To assess whether the fad mutants have HPS-like characteristics with respect to platelet defects, we selected 24 larvae from each of two batches and subjected them to laser injury and measured TTO and compared that time with TTO from controls. The average TTO from the control larvae was 41 seconds and that from fad mutants was 53 seconds (n ϭ 24). This was considered to indicate a mild defect because we arbitrarily classified longer than 1 minute as indicating a severe defect.
Candidate Gene Linkage Analysis
In a first step to elucidate the molecular nature of the fad mutant, we mapped the locus onto the zebrafish genome by SSLP mapping. 32 Analysis of 800 meioses resulted in a map position linkage group 2 that was 1.4 cM from SSLP marker z10050.
Because the phenotype of fad has all the characteristics of HPS, we used the human and mouse sequences to identify zebrafish orthologs. We could identify zebrafish orthologs of all seven HPS genes in zebrafish by alignment to EST databases or to the zebrafish genomic sequence. Primers against the genomic sequence of these genes were designed, and amplicons were mapped on the Goodfellow T51 RH panel. 34 None of these ortholog genes mapped to the same chromosome as the fad mutation (Table 1) . Therefore, we concluded that fad was likely caused by a mutation in a novel HPS gene, presumably involved in vesicle biogenesis or trafficking.
DISCUSSION
In this study we characterized visual defects in the hypopigmented zebrafish mutant (fade out). The recessive mutant was initially isolated because of its lighter body pigmentation, which also affected the RPE. 22 Additional defects in visual performance have been uncovered by a behavioral screen based on assaying the optokinetic nystagmus and the optomotor response, two innate, visually mediated behaviors. 24 Here we describe morphologic defects in melanin-containing melanosomes of the RPE. Ultrastructural analysis revealed RPE cells that were hypopigmented as a result of a progressive decrease in melanosome size and number. The presence of melanin argues for a defect in intraorganelle melanin organization rather than melanin synthesis. RPE cells also develop tiny or small microvilli.
Histologic analysis indicated dramatic morphologic changes of the abutting PRCs, manifested by shorter and misaligned outer segments, ultimately leading to apoptotic cell death with a peak at 6 dpf. PRCs and RPE cells interact in multiple ways, 20 and several studies have shown that this interaction is crucially involved in the maintenance of photoreceptors. 16 Hence, we deem it likely that the primary defect in the fad visual system lies in the RPE, secondarily affecting photoreceptor morphology and survival. However, not all RPE function is abolished because we found evidence for intact phagocytosis of photoreceptor outer segments by the RPE. We recently identified the gene defect causing a similar retinal defect in the fading vision mutant. In this mutant, the causative silver a gene is exclusively expressed in RPE cells, consistent with the possibility that an RPE-specific gene defect can cause the observed deficits in the PRC layer. 18 However, we cannot exclude the possibility that the fad gene product is needed in RPE and photoreceptors.
The observed morphologic changes in the outer retina led to a progressive loss of vision, evidenced by diminished or absent ERG response and reduced optokinetic responses.
Apart from defects in melanogenic cells, we also found a significant prolonged bleeding time by an assay for TTO. 40 This triad of phenotypes is characteristic of HPS in humans [1] [2] [3] ; defects in seven genes can cause it. These genes are thought to function in intracellular biogenesis and trafficking of late LROs. These organelles encompass melanosomes and platelet-dense granules. In humans, most of the HPS genes are members of three protein complexes, termed biogenesis of lysosome-related organelles complexes (BLOCs). BLOC-1 contains Hps7, [41] [42] [43] and BLOC-3 contains the proteins encoded by the Hps1 and Hps4 genes. 44 -46 The remaining Hps2 gene product encodes for the ␤ 3 A subunit gene (ADTB3A) of the AP-3 adaptor complex, involved in intracellular vesicle docking. 47, 48 These data readily suggest a cellular mechanism for the phenotype in fad mutant embryos and candidate genes. We therefore cloned the zebrafish ortholog of the human HPS genes and compared their genomic localization with the fad locus. For all human genes, we found one ortholog in the zebrafish that could be unequivocally mapped on the genome. Given that we found only one orthologous zebrafish HPS gene for each human gene, it is likely that duplicated paralogues created by the genome duplication in the lineage divergence of ray-and lobe-finned fish 49, 50 have been subsequently purged from the genome.
31
We found no cosegregation between the fad locus and the seven HPS genes; therefore, we propose that fad encodes a novel HPS-like gene, likely involved in biogenesis or trafficking of LROs. This somewhat mirrors the situation in the mouse, in which 14 loci have been associated with HPS but only 7 have been associated with a human disease. 21 Our preliminary data have found no cosegregation of fad with any of the additional mouse HPS loci (data not shown). It is unclear why humans seem to have fewer HPS-causing genes than mouse and, presumably, zebrafish. It could well be that mutations in these genes are incompatible with human fetal development and are absent in the patient population. Alternatively, future genetic screening of patient populations might reveal additional, rarer human HPS genes.
Our data provide strong evidence for involvement of the fad gene product in late LRO function. Disruption of this process leads to cellular changes in RPE cells, such as the absence of microvilli, which in turn negatively affect PRC morphology and function. However, we have little understanding of how a defect in LRO function leads to such dramatic cellular changes. Perhaps even more surprising is the case of the fading vision mutant, whereby a mutation in the silver a gene leads to gross changes in outer retinal morphology, though the gene product may be solely involved in melanin deposition in melanosomes. 18 In summary, we have characterized the visual defects of the fad zebrafish mutant and have provided evidence for the mutant as a novel animal HPS model. Our data show that the morphology of the photoreceptor is directly affected, suggesting that visual deficits in human patients might, at least in part, be caused by morphologic defects in the outer retina. To our knowledge, this is the first report of a lower vertebrate HPS model. The near future will likely see additional zebrafish mutant strains that affect LRO biogenesis, paving the way for use of the formidable genetic power of the zebrafish model to unravel the biology underlying these diseases.
